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Introduction
In recent years the physical chemistry of aqueous solutions at high temperatures and pressures has be come a subject of great scientific interest [1, 2] . Despite an increasing demand for data and models for aqueous solutions at high temperatures and pressures from various groups of scientists, ranging from geolo gists and environmentalists to chemical and nuclear power engineers, fundamental work has lagged far behind that devoted to solutions in ordinary liquid water [3] . The near-critical region of the phase dia gram, where the properties of water as well as those of aqueous solutions undergo drastic changes in a very narrow range of temperatures and pressures [2, 3] , seems to be of primary importance. Although com puter simulation techniques (both Monte Carlo (MC) and Molecular Dynamics (MD)) have already proved to be one of the powerful tools to study usual aqueous solutions [4] , these methods still have not been applied systematically over a wide enough range of thermody namic conditions.
Even the solvent itself -pure water -has not yet been extensively studied by these methods at high temperatures and pressures from both thermody namic and structural points of view, although several * Alexander von Humboldt fellow; permanent address and reprint requests to Dr. A. Kalinichev, Institute of Experimen tal Mineralogy, USSR Academy of Sciences, 142432 Chernogolovka, Moscow District, USSR. important exceptions should be mentioned in this context. In most studies either high pressures [5] [6] [7] [8] [9] or high temperatures [10] [11] [12] [13] were applied to the system, where the term "high temperature" usually meant 373-473 K. Because of a relatively low compressibil ity and thermal expansivity of water under such con ditions, only liquid-like densities have been studied.
O'Shea and Tremaine [14] have studied supercriti cal water at lower density. Kataoka [15] has made the most extensive simulation study of fluid water over a very wide range of the phase diagram. However, in both cases structural results were not reported. On the other hand, in MD simulations of Mountain [16] only radial distribution functions of expanded water at ele vated temperatures were analysed.
In the present work an attempt has been made to simulate relatively low-density thermodynamics states of supercritical water and to study thermodynamic properties as well as the structure of water under these conditions. A variety of empirical [5, 7-13, 16] and non-empirical [6, 14, 15] intermolecular potential functions has already been tested in the above men tioned studies. The empirical TIP4P potential [17] , which proved to be quite successful in describing properties of water over a range of temperatures [12] and pressures [8, 9] is used in the present work.
The technical details of the simulations are de scribed in Section 2. In Sect. 3 the simulated thermo dynamic properties are compared with available ex perimental data and the possible localization of the 0932-0784 / 91 / 0500-445 $ 01.30/0. -Please order a reprint rather than making your own copy. critical point of the TIP4P water is discussed. In Sect. 4 bonding energy and dimerization energy distri butions as well as the average potential energy of water-water interaction are analysed. The analysis of structural results is found in Sect. 5, followed by gen eral conclusions in Section 6.
Methodology of the simulations
A cubic sample of N water molecules (N = 64 or 216) with periodic boundary conditions was simulated at eight thermodynamic states along the 773 and 673 K supercritical isotherms in a pressure range from 0.3 to 30 kbar (1 kbar = 0.1 GPa). Rigid water molecules were interacting via the effective site-site pair potential TIP4P [17] , which uses the experimental geometry of the monomer (OH bond length = 0.9572 Ä and L HOH = 104.52°) and has four interaction sites, three on the nuclei and one on a point M located on the bisector of the HOH angle at a distance of 0.15 Ä from the oxygen towards the hydrogens. The hydrogens are assumed to have charges of 0.52 e, compensated by the charge -1.04 e on M. The total interaction energy for a pair of molecules a and b consists of the Coulomb interactions between the charged sites and a LennardJones interaction between the oxygen atoms, and has the form on a on b Uab= I I Qj e-+ C ,12 OO
The Lennard-Jones parameters are A = 2 510 400 kJ Ä12/mol and C = 2552 kJ Ä6/mol (or <r = 3.154Ä and e//c = 78.1 K in conventional LJ-units).
The minimum image principle [18] was applied to calculate the energy of the intermolecular interactions with a molecular cutoff criterium based on the coordi nates of the oxygen atoms. No long-range corrections were made. It was shown [19] that this method leads to only small errors in the resulting thermodynamic properties and atom-atom radial distribution func tions even with N = 64. However, to check this, addi tional runs were performed at the lowest and highest densities studied with N = 216 water molecules in the basic cell (and, hence, with an approximately 1.5 times larger cutoff distances). The run at the high density showed no significant deviations from the results ob tained wih the smaller cell (N = 64), while the low-density run has demonstrated a slight size dependence. For these two thermodynamic states only the results for the larger cell are reported here. The size effects of the simulations will be discussed in a separate paper [20] .
All simulations were done using th conventional Monte Carlo algorithm for an isothermal-isobaric ensemble [18] . New configurations were generated by cyclically selecting a water molecule, translating it randomly along all three Cartesian axes, and rotating it randomly about one of the axes, again chosen at random. After random intervals, amounting in the average to nv steps, the volume of the system was also changed by scaling all intermolecular distances.
The ranges of possible molecular displacement +<5/, rotation ±<5</>, and volume increments +ÖV along with some other parameters of the present Monte Carlo runs are given in Table 1 . These ranges were adjusted at the equilibration stage for each run to yield acceptance ratios from ca. 0.35 to ca. 0.5, and were monitored independently for translation-rota tion and volume-changing moves.
After several runs at 298 K and 1 bar, which served to check the reproducibility of previous studies [12, 17] . the simulations were carried out from the highest density to the lowest one to ease the equilibration at each new thermodynamic state. In every case not less than 0.5 x 106 equilibration configurations were dis carded before the averaging over the Markov chain. The lengths of configuration chains for each run are also given in Table 1 .
To check the consistency with our previous simula tions under supercritical conditions [21] several runs were made with the TIPS2 intermolecular potential which has the same geometry and functional form (1), but slightly different point charges and Lennard-Jones With the TIPS2 potential. 
Thermodynamic Properties
The calculated values of configurational enthalpy, molar volume, isobaric heat capacity, and coefficients of isothermal compressibility and thermal expansion for all thermodynamic states studied are reported in Table 2 . Thermodynamic properties calculated via the HGK equation of state for water [23] , approved by the International Association for the Properties of Steam (IAPS) as an international standard up to 1273 K and 10 kbar are also given in Table 2 for comparison. This equation reproduces virtually all available thermody namic measurements within the limits of their experi mental accuracy and is used in the present study as a reliable source of self-consistent "experimental" data.
The molar configurational enthalpy was estimated from the equation of state by
Hconf= H ( T ,P ) -H iJ T ) + RT
( 2) with the ideal gas reference state at the given temper ature. The constant 3 R was added to the simulated values of CP for the classical kinetic energy contribu tion from translation and rotation of molecules. No other corrections were added to any property re ported. The statistical uncertainties (+ 1 cr) of the thermody namic properties reported here were calculated from separate averages over batches of 64000 configura tions. These batches are supposed to be large enough to get reasonable estimates of uncertainties for all the properties, except, possibly, thermal expansion coeffi cients. A more detailed discussion of the statistical error estimations along with the convergence analysis will be given elsewhere [20] , Molar volume. The comparison of simulated and experimental molar volumes is presented in Table 2 , and in Fig. 1 a graphical representation of the two density isotherms is shown. Fhe good agreement of calculated (<Fm>) and experimental volumes for runs 5, 6 and 10 cannot be considered as surprising, be cause the TIP4P potential has already been carefully tested at liquid-like and higher densities up to 373 K [12], and up to 10 kbar at 298 K [9], In the very recent MD simulations [24] the TIP4P potential was success fully used even at a density almost twice as high as the normal one and at a temperature of about 2000 K.
At lower densities (pressures), the simulated vol umes become systematically higher than the experi mental ones. The reason for the agreement with exper- iment in the first case, and for the discrepancy in the second, most probably lies in the "effective" nature of the TIP4P potential, which was specially developed to reproduce correctly thermodynamic and structural properties of liquid water under normal conditions and implicitly includes many-body effects of inter molecular interactions [17] . The relative influence of these effects should obviously be density-dependent, which is not readily taken into account by the present potential model and may lead to increasing disagree ment with experimental values as density decreases. The same conclusion can be drawn from the results of De Pablo and Prausnitz [13] who made Gibbs-ensemble Monte Carlo simulations of TIP4P water along the vapor-liquid coexistence curve. They noted that vapor densities are predicted less accurately then liquid ones, and that the agreement with experiment deteriorates rapidly as the temperature rises to ca. 500 K.
At 673 K and 0.3 kbar (run 13) the simulated vol ume is almost twice as large as the experimental one. In this thermodynamic state the water density changes drastically in a very narrow interval of pressure around 0.3 kbar ( Fig. 1 ) because of the extremely high supercritical compressibility (see below). Therefore, the observed discrepancy between simulated and ex perimental densities may not only be due to the rea sons mentioned above. It may be simply an indication of the lower critical temperature of TIP4P water, com pared with the experimental value of 647 K. The ten dency toward such behaviour is clearly seen from the simulated density isotherms in Fig. 1 , which do not show the characteristic inflection with the rapid change of density around it. The shape of the simu lated isotherms corresponds more closely to higher temperature isotherms of water (such curves for 723 and 823 K are shown on Fig. 1 as dashed lines) , sug gesting that the critical point of TIP4P water may lie about 50-70 degrees lower than the experimental one. The same assumption can be made from the recently published data on the coexistence curve of TIP4P water [13] . Estimates for the empirical SPC potential [25] also give lower critical density and temperature [26] .
The failure to reproduce critical parameters cor rectly seems to be a general feature of any empirical potential, which is parameterized to describe the prop erties of water at liquid-like densities. The reason for this lies in the above mentioned "effective" nature of such potentials, which only implicitly include manybody effects. Indirect confirmation of this statement can be found in the work of Kataoka [15] , who esti mated the critical temperature to be about 50 degrees lower (as well as somewhat lower critical density) for the nonempirical Carravetta-Clementi pair potential of water [27] , which does not include many-body effects neither explicitly, nor implicitly.
It is interesting to note that in their simulations of the ice-water interface Karim and Haymet [28] also found the freezing point of TIP4P water to be about 35 degrees lower than the experimental value. On the other hand, it is known [29] that exactly three-and higher-body interactions act to keep ice solid above the melting point for "hypothetical ice" in which only pair interactions were operative.
However, the phase diagram for any of the widely used potential models of water is still unknown over a sufficient range of temperatures and pressures*. The isothermal-isobaric Monte Carlo simulation used in the present work seems to be ineffective for this task because of the very large fluctuations of thermody namic properties during a MC run close to the critical point [20] , and the Gibbs-ensemble simulation method [30] used by De Pablo et al. [13, 26] may be preferable. The elegant technique of block density distributions, proposed recently by Rovere et al. [31] for the calculation of the phase diagram of the twodimensional Lennard-Jones fluid and for the localiza tion of its critical point in MC simulations, would demand enormous computational efforts in the case of * The very recent study [26] is the first step in this direc tion. critical Water three-dimensional water simulations with any realistic intermolecular potential.
Enthalpy. As in the case of the molar volume, the simulated values of configurational enthalpy (<H> = <C/ + PF>) show very good agreement with experi ment at near-liquid water densities (see Table 2 and Figure 2 ). Here again, agreement rapidly deteriorates as pressure (and hence density) decreases. However, if the calculated densities are taken instead of pressures as the basis for comparison with experiment, the agreement still remains good at lower densities. That is, in constant-volume MC or MD simulations the TIP4P potential can reproduce correct values of enthalpy (or internal energy) over the whole densitytemperature range studied at the price of error in pressure. Experimental values of pressure, corre sponding to these simulated densities, are also given in Table 2 for comparison.
The agreement with the HGK equation of state also deteriorates somewhat at the highest pressure of 30 kbar (run 5). This point lies, however, beyond the approved limits of reliability for the HGK equation, and recent studies [32] show that the equation be comes increasingly inconsistent with shock wave mea surements at such high pressures. It can therefore be concluded that the TIP4P water model reproduces, with reasonable accuracy, both the temperature and the density dependencies of enthalpy over a very wide range of thermodynamic parameters.
Isobaric heat capacity. The values of CP were calcu lated via the standard formula for the fluctuation of enthalpy:
Statistical uncertainties are much larger here, as com pared with molar volume and enthalpy calculations which were computed directly during the run. How ever, even in this case, the agreement with experiment at liquid-like densities is again excellent, and becomes significantly worse only at the supercritical maxima of heat capacity for both isotherms ( Figure 3) . As in the case of densities and enthalpies, the posi tion of experimental 723 and 823 K isotherms (dashed lines on Fig. 3) suggests that the thermodynamic properties of TIP4P water are shifted down in temper ature. The absence of the sharp maximum of CP on the simulated 673 K isotherm clearly indicates that the critical point for this water model lies at least 50 degrees lower than the real one.
Confirmation of this assumption can be observed in the behaviour of the isothermal compressibility (Fig. 4) , although relative statistical errors here are even larger than for CP. This is quite understandable, considering the fluctuation formula for compressibility: * = -y (-J p ) = K V2} -<V}2)/N /C bT < F > , (4) and keeping in mind that the volume is changed less frequently than is the enthalpy during a Monte Carlo run. Agreement with experiment is, however, still quite good, considering that the compressibility changes by of compressibility. and the convergence of this property in NPT-ensemble MC simulations is known to be very slow [33] . We shall discuss this problem in detail elsewhere [20] , though it is worth noting here that the agreement of simulated values with experiment (Table 2 and Fig. 5 ) remains quite reasonable. This confirmes once again the assumption that the critical point for TIP4P water may lie at lower temperature ( Figure 5 ).
In accordance with our earlier simulations for TIPS2 water [21] , the simulated thermal expansion coefficient at 30 kbar was found to be approximately twice as large as calculated by the HGK equation of state [23] . It was suggested [21] , that HGK equation may be incorrect in the region above % 20 kbar, be cause none of the existent shock wave data at high pressures and temperatures were taken into account during its parametrization. This assumption has been confirmed now in the work of Saul and Wagner [32] lead to negative values of the thermal expansion coef ficient at higher pressures. Therefore the values of a given in Table 2 as "experimental" may be considered as underestimated at 30 kbar. As a conclusion from the above analysis one can state that the TIP4P intermolecular potential repro duces thermodynamic properties of water with rather good accuracy over a much wider range of tempera tures and pressures than was previously known [12, 9] . At the same time, at densities significantly lower than that of normal liquid water, all thermodynamic prop erties of TIP4P water seem to be shifted down in temperature by about 50 degrees (dashed lines on Figs. 1 -5) . Extrapolating the present simulation data one can estimate that the critical temperature and pressure for this water model are about 50-70 degrees and 50-70 bars lower than experimental Tc and Pc, respectively.
Potential Energy Distributions
Computer simulations provide a unique possibility to obtain detailed thermodynamic information on properties which are not readily studied by experi ment. One such property is the bonding energy which represents the energetic environment experienced by a single water molecule.
Bonding energy distributions for every thermody namic state presently studied are shown in Figure  6 a, b. The effect of pressure on the distribution along each isotherm is clearly seen from these curves. As in the case of normal temperature [9] , the maximum of the distribution shifts to lower energies and its width increases with increasing pressure. It is interesting to note that especially under the high-temperature condi tions a certain number of molecules even has a posi tive bonding energy. As the fraction of such molecules obviously cannot increase significantly with decreas ing pressure, an asymmetry of the distribution at the lowest densities on each isotherm results.
It follows from the distribution asymmetry that the new simple and computationally efficient method of estimating the free energy in molecular simulations [34] cannot be applied to low-density aqueous sys tems, because this method essentially uses the ten dency of all energy-related quantities toward a normal distribution. However, the test particle method (see [18] for a review) may be used efficiently at low densi ties.
The bonding energy distribution of water mono mers in normal liquid water is shown as the dashed line in the fore, the difference between two distributions (curves 1 and 3 in Fig. 6 a) can be considered as purely an effect of temperature. At high temperature the distribution shifts by about 40 kJ/mol to higher (less negative energies and becomes significantly wider. This effect has already been noted at temperatures up to 373 K along the vapor-liquid coexistence curve [12] , where it could, however, be considered as a common effect of the increased temperature and decreased density. The comparison of both distributions clearly shows that a water molecule experiences completely different en ergetic environments in these two thermodynamic states despite the fact that the densities (and hence average intermolecular distances) are virtually the same in both cases.
As the density differences between runs 6, 8, 9 at 773 K and runs 10, 12, 13 at 673 K, respectively, amount to only about 10% (see Table 2 ), one can con clude from comparisons of curves 3(a) and 1(b), 4(a) and 3(b), 5(a) and 4(b) in Fig. 6 that the bonding energy distributions show almost no temperature dependence in the supercritical temperature range studied.
Pair energy distributions are another type of microthermodynamic information easily obtainable from computer simulations. Such functions, which repre sent the distribution of dimer energies, are shown in Fig. 7 for all thermodynamic states studied. Under supercritical conditions considered here the tempera ture is too high to obtain the well known bimodal distribution that one would expect for liquid water [12] . (The dotted line in Fig. 7 a represents the distribution of pair energies in normal liquid water for compari son.) Though the maximum at low energies, which reflects the hydrogen-bonded neighbours, has already completely disappeared, a distinct shoulder is clearly seen in the same range of energies and indicates that hydrogen bonding persists to some extent under the conditions studied. As one would expext, this shoulder is more pronounced at the lower temperature ( Fig   Edim , kJ/mol Edjm , kJ/mol . As the pressure (density) decreases along each isotherm, the distributions become narrower with higher maxima (beyond the scale in Fig. 7) , because more pairs of molecules have near-zero interaction energy at long distances. The comparison of distributions at 773 K and 10 kbar and at 298 K and 1 bar (the second curve form the top and the dotted curve in Fig. 7 a, respec  tively) gives once again the opportunity to see the pure effect of a significant temperature increase on the shape of the distribution along an isochore, as the densities at both thermodynamic states are virtually equal. The width and the height of the main maximum remains unchanged. However, in the attractive branch of the distribution (negative energies) a significant amount of interacting molecular pairs are redistrib uted from the "hydrogen-bonding" range of energies (~-25-15 kJ/mol) to the "non-bonding" range (% -15----6 kJ/mol). In the repulsive (positive) branch the probability for a molecular pair to have a rather high interaction energy between 10 and 20 kJ/mol noticeably increases, confirming that repulsive inter actions are a more important contribution to the ther modynamics of water at high temperatures.
It is concluded that profound changes take place in the neighbourhood about a molecule as the tempera ture significantly increases, despite the virtually un changed density and, consequently, unchanged aver age intermolecular distances. However, the distribu tion of intermolecular distances is also changed dra matically under the conditions studies, as will be shown in the next section, where the structure of supercritical water is discussed.
Curves representing the distance dependence of the average potential energy of pair interaction <(7(r)> are also a source of helpful information characterizing the energetic environment of a single water molecule [7] , These functions at 773 K and several pressures are shown in Figure 8 a. One can also separate coulombic and non-coulombic contributions to them. However, the only non-coulombic contribution to the waterwater interaction in FIP4P intermolecular potential is the oxygen-oxygen Lennard-Jones term (see (1) ) and, hence, its contribution to <l/(r)> is both temperatureand density-independent (shown in Fig. 8 b as the  dotted line) . Fherefore, in contrast to simulations with the BJH intermolecular potential [35] , where changes with pressure in both coulombic and non-coulombic components of the average potential energy take place of the coulombic part determines the behaviour of the whole function. The general trend for both isotherms is that as the pressure (density) decreases, the coulombic attraction becomes stronger (more negative) giving rise to the deepening of the average potential energy. The same trend for the flexible BJH potential has been noted already under high-pressure, low temperature conditions [7] , One can assume, therefore, that in order to reproduce thermodynamic properties of supercriti cal water with some kind of effective spherically sym metric potential, density dependent parameters of the potential might be necessary.
Along with bonding energy distributions (Fig. 6 ) these functions give one more possibility to analyse an average energetic environment experienced by a single water molecule under various thermodynamic condi tions. The full and the dashed lines in Fig 8 b repre sent, respectively, the distance dependence of the aver age potential energy for supercritical water at 773 K and 10 kbar, and that for liquid TIP4P water under normal conditions. It can be concluded from the com parison of the curves that, as the temperature in creases, the average energetic environment of a water molecule changes drastically (together with the distri bution of intermolecular distances; see below), despite the fact that the average intermolecular distances re main unchanged because of the constant density. The shallow minimum around 4.5 Ä in the coulombic part of <((7(r)>, which is responsible for tetrahedric order ing of molecules in liquid water, and which remains unchanged even for high-density water at relatively low temperature of 350 K [7] , completely disappears under supercritical conditions. The position of the potential well remains virtually unchanged while its depth decreases significantly, indicating that, on the average, water molecules are bonded to each other almost twice as weakly under supercritical conditions than in normal liquid water, despite only minor differ ences in density between both thermodynamic states.
Structural Results
Oxygen-oxygen, oxygen-hydrogen, and hydrogenhydrogen radial distribution functions (RDFs) for 773 K and 10 kbar, where supercritical water has the same density as liquid water under normal conditions, are shown in Fig. 9 (full lines) . Dashed lines represent the results of simulations at 298 K and 1 bar. Running coordination numbers, calculated as r n(r) = 4n g j r2goa(r) dr,
o are also shown in Fig. 9 as dotted and dash-dotted lines for high-temperature and low-temperature con ditions, respectively.
The structure of water changes dramatically as the temperature significantly increases, even at liquid-like density. The characteristic second maximum of oxygenoxygen RDF at »4.5 Ä, reflecting the tetrahedral ordering of water molecules due to hydrogen bonding, is completely absent under supercritical conditions. Moreover, a pronounced minimum of the distribution appears in its place. The comparison of the g00(r) and n(r) functions at low and high temperatures shows that a significant redistribution of first and second neighbours from "hydrogen-bonding" regions of »2.7-2.9 Ä and »3.8-5.0 Ä to the intermediate "non-bonding" region of »3.1-3.8 Ä takes place. As was recently shown [36] , exactly the pairs of water molecules at intermediate distances are primarily re sponsible for repulsive interactions. Therefore, addi tional molecular density at these distances gives rise not only to the increase of weakly bonded molecular pairs, but to the increase of repulsive interactions as well (see Fig. 7 and the discussion of pair interaction energy distributions in Section 4).
The sharp first peak of gOH(r) in normal liquid water becomes significantly lower and much more diffused under supercritical conditions, though its presence in dicates that hydrogen bonding persists at 773 K. Hydrogen-hydrogen correlations almost completely disappeared at this temperature ( Figure 9 ).
In Fig. 10 the oxygen-oxygen, oxygen-hydrogen, and hydrogen-hydrogen RDFs for all the studied states are shown. Available experimental data on X-ray diffraction of water under supercritical conditions at 1 kbar pressure [37] are also shown as dashed lines in Fig. 10 a, d for comparison. Though the agreement is sufficiently satisfactory to the heights of the first max imum and the general shape of the curves, the dis agreement in the positions of the main maximum and the different steepness of repulsive branches of the curves are rather disappointing. To some extent, this may be the result of the lower simulated densities at the experimental pressure of 1 kbar. However, the [37] under the same conditions. comparison of simulated RDFs at normal conditions with experimental data [37] shows a similar dis crepancy in the steepness at small distances. Recent determination of the water structure from neutron diffraction experiments [38] also gives a less steep re pulsion branch of the RDF. Unfortunately, the latter data exist only for normal liquid water at 298 K, and the reason of the present discrepancy, therefore, re quires a more thorough analysis, which will be pursued in a subsequent study.
The general distance-, temperature-, and densitydependence of c)00(r) (Fig. 10a,d ) in the whole pres sure-temperature range studied, closely resembles that of a simple liquid with second maxima at distances approximately twice as large as the first. Little can be said about the behavior of gHH(r) (Fig. 10c, f) , except for a simple general notion that these functions show almost no H -H correlations under supercritical con ditions. The shape of c/0H(r) (Fig. 10b, e) remains virtu ally the same along both isotherms over a very wide range of pressures from 0.3 to 30 kbar. The small first peak at ^ 1.8 Ä indicates that hydrogen bonding still persists at all temperatures and densities studied.
Because of the diffuseness of the first peak of gOH(r), a simple geometrical way to calculate the num ber of hydrogen bonds by integrating £/0H(r) UP t0 seems hardly adequate under the conditions studied. A more detailed geometric interpretation of the coordi nation number in water [37] , based on the approxima tion of the radial distribution function of particle den sity, D(r) = 4 n g r2g(r), by several Gaussian functions, also could be useful for hydrogen bonding analysis. Such functions, calculated from simulations a 773 K, as well as under normal conditions, are shown in Fig  ure 11 . It is clearly seen that, although there exist two distinct coordination spheres in normal liquid water and both methods mentioned above are easily appli cable, a purely geometrical definition of hydrogen bonding is insufficient at supercritical temperatures where two coordination spheres overlap significantly. In this case a more complex analysis based both on geometrical and energetic criteria has to be done.
Conclusions
The results presented here show that thermody namic and structural properties of supercritical water can be simulated with reasonable precision over a very wide pressure range from 0.3 to 30 kbar using the TIP4P intermolecular pair potential. At liquid-like densities the simulated values of configurational en thalpy, molar volume, isobaric heat capacity, isother mal compressibility, and thermal expansion coeffi cient are found to be in good agreement with experi mental data, and the agreement remains reasonable in high-and low-density regions. However, the shape of both simulated isotherms (673 and 773 K) for all cal culated properties leads one to the suggestion that the thermodynamic properties of the TIP4P water model are shifted down in temperature by about 50 degrees, and that the critical point for this water model is, correspondingly, 50-70 degrees and 50-70 bars lower than the experimental values.
The reason of this discrepancy at low densities lies, most probably, in the "effective" nature of the empiri cal intermolecular potential used, which was originally parameterized to reproduce correctly a set of liquid water properties under normal conditions [17] , and which takes into account many-body effects of inter molecular interactions only implicitly. This conclu sion seems to be consistent with the results of other simulations [13, 15, 26, 28] , where different empirical or non-empirical two-body potentials were used in a wide enough range of temperatures and densities. However, the direct successive inclusion of three-and higher-body terms from ab initio calculations [39] , though very impressive, can hardly be considered cost-effective in terms of computer time for most large-scale simulations, and such possibilities like reparametrization of empirical potentials for various ranges of temperature and density seem to be prefer able.
Under supercritical conditions, the water structure (in terms of the oxygen-oxygen radial distribution function, which is dominating the structure of water) may be considered as "argon-like", i.e. close to that of a simple liquid, over the whole density range studied. However, pair energy distributions and the average potential energy of intermolecular interactions as well as O -H radial distribution functions clearly show that Coulombic interactions at short distances still play an important role and the hydrogen bonding persists even at such high temperatures as presently studied. Therefore any analytical approach to the thermodynamics and structure of supercritical water cannot be based on a simple spherically symmetric intermolecular potential as was suggested previously [21] . Recent careful analysis of electrostatic and pack ing contributions to the structure of liquid water [40] has shown that three terms covering separately the short range repulsion, the region of the potential min imum, and the long range electrostatic interactions must be taken into consideration and treated by a different theoretical approach. This seems still to be valid for the supercritical conditions studied in the present work.
